Synaptic efficacy at the rat Ia-motoneuron synapse has been reported to increase in vivo, within 3 d of sectioning a single muscle nerve (Miyata and Yasuda, 1988) . We provide an indirect test of the hypothesis that this increase is caused by altered probability of transmitter release of axotomized afferents. Experiments consisted of in vivo recording of maximal composite group I EPSPs evoked in intact rat medial gastrocnemius (MG) motoneurons by stimulation of the lateral gastrocnemius-soleus nerve (LG-S). We compared the maximal LG-S EPSP amplitude and the response to high-frequency stimulation (modulation) recorded in untreated rats, with the same measures recorded in rats that had the LG-S nerve axotomized 3 d before data collection. In confirmation of previous work, the mean amplitude of LG-S EPSPs evoked by stimulation of axotomized afferents was significantly larger than that measured in untreated rats (3.9 Ϯ 0.34 and 2.3 Ϯ 0.19 mV, respectively). The increase in EPSP amplitude was accompanied by significantly greater negative modulation (depression) of EPSP amplitude during high-frequency stimulation (Ϫ39 Ϯ 4% and Ϫ53 Ϯ 4%, untreated and treated, respectively). Modulation would not be expected to change if the increase in EPSP amplitude was attributable solely to a greater number of afferent connections (Koerber and Mendell, 1991) . Therefore, the present results are consistent with the hypothesis that the initial axotomy-induced increase in synaptic efficacy occurs because of an increase in the probability of transmitter release. Furthermore, these results suggest that the probability of transmitter release at this synapse is regulated by either afferent activity and/or trophic communication with the target muscle.
Short and long-term changes in synaptic efficacy occur in vivo at the central synapse between muscle spindle afferents (Ia) and spinal motoneurons (Mendell, 1984) . However, our knowledge of the specific mechanisms controlling efficacy at this synapse, and indeed most C NS synapses in the intact organism, is incomplete.
Changes in afferent f unction at the Ia-motoneuron synapse have frequently been studied after chronic axotomy (Ͼ2 weeks). These studies consistently show that the amplitude of the group I EPSP measured in intact motoneurons decreases after chronic nerve section (Eccles et al., 1959; Goldring et al., 1980; Mendell et al., 1995; Munson et al., 1997) . However, this decrease in synaptic efficacy is not immediate, and the initial response (1-5 d) to peripheral nerve axotomy is actually an increase in Ia EPSP amplitude measured in normal motoneurons (Miyata and Yasuda, 1988) .
The mechanisms of this initial axotomy-induced increase in synaptic efficacy have not been investigated but are of interest for several reasons. First, evidence indicates that the early increase is related to decreased afferent impulse activity (Miyata and Yasuda, 1988; Manabe et al., 1989) . Second, axotomy eliminates access to trophic factors supplied by the muscle. This fact is of particular interest given recent findings regarding the neurotrophins, brainderived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4) (Lewin and Barde, 1996) . These factors are present in the muscle, are retrogradely transported to the spinal cord (Distefano et al., 1992) , and have recently been implicated in the regulation of synaptic function at the Ia-motoneuron synapse (Munson et al., 1997) and elsewhere in the CNS of adult mammals (Kang and Schuman, 1995a,b) .
In light of these considerations, we have examined synaptic function after short-term axotomy using a stimulation paradigm that reveals correlated differences between Ia EPSP amplitude and amplitude modulation during high-frequency stimulation. Specifically, large EPSPs tend to show more negative modulation (depression) than do small EPSPs (Collins et al., 1984 (Collins et al., , 1986 Koerber and Mendell, 1991; Mendell et al., 1995) . In addition, amplitude modulation of composite EPSPs is similar to single fiber EPSP modulation (Koerber and Mendell, 1991) , and therefore an increase in EPSP amplitude resulting from a greater number of afferent connections would not predict a change in high-frequency amplitude modulation. On the basis of these findings and other work at the Ia-motoneuron synapse (Kuno, 1964a,b; Hirst et al., 1981; Peshori et al., 1998) and by inference from more direct measures in other systems (Del Castillo and Katz, 1954; Dobrunz and Stevens, 1997) , the variation in highfrequency amplitude modulation across motoneurons has been interpreted as reflecting differences in the probability of transmitter release.
Thus, we hypothesized that if the axotomy-induced increase in EPSP amplitude occurs because of altered probability of transmitter release, consequent to decreased impulse traffic and/or the absence of trophic support, then short-term axotomized afferents, producing enlarged EPSPs, should show greater negative modulation with high-frequency stimulation (Peshori et al., 1998) .
MATERIALS AND METHODS
Male Sprague Dawley rats (250 -350 gm) (Harlan Sprague Dawley, Birmingham, AL) were assigned randomly either to a control or 3 d treatment group (14 rats/group). All rats were housed in similar conditions with a 12/12 hr dark / light cycle and were allowed food and water ad libitum.
A xotomy. Rats assigned to the treatment group were anesthetized (ketamine and xylazine, 90 and 10 mg / kg, respectively, i.p.) and then underwent surgery to expose and transect the left lateral gastrocnemiussoleus (LG-S) muscle nerve. The cut nerve was ligated (6.0 silk), and the proximal end was deflected onto the fat pad in the tibial fossa to prevent reinnervation and to limit access to trophic factors present in skin or muscle.
Acute surg ical preparation. Three days after the survival surgery, anesthesia was induced in rats by intraperitoneal injection of a ketamine and xylazine mixture (90 and 10 mg / kg, respectively) and then maintained by chronic venous inf usion (0.8 -1.6 ml / hr) of a ketamine and xylazine mixture diluted in Ringer's solution and dextrose (9.6 and 1.1 mg /ml, ketamine and xylazine, respectively). A carotid catheter was inserted for monitoring of arterial blood pressure (maintained at Ն 65 mmHg), and a tracheotomy permitted maintenance of end-tidal C O 2 at ϳ4% by adjusting the level of anesthesia and /or artificial ventilation (60 -80 breaths/min). Body temperature was monitored and maintained at 37 Ϯ 1°C using a heating pad and /or infrared heating lamp.
Next, the left common peroneal and sural nerve branches were cut distally and separated from the tibial nerve as far proximally as possible. The medial gastrocnemius (MG) and LG-S nerve branches were transected and ligated (6.0 silk). The remaining portion of the tibial nerve was then crushed at the most distal point to prevent muscle contraction during stimulation. Finally, the dorsal laminae of vertebrae S1-T10 were exposed, and the animal was moved to a stereotaxic frame.
Data collection setup. The spinal column was secured in specially designed vise clamps (Gonzalez and Collins, 1997) . A laminectomy was performed (T12-L6), the dura was cut, and the dorsal roots were deflected to allow access to the lumbar enlargement.
A bipolar stimulating electrode was placed on the tibial, LG-S, and MG nerve branches. A monopolar ball electrode was placed in contact with dorsal roots. The dorsal root volley was used to initially set the stimulation intensity at 2-2.5 ϫ threshold (500 sec pulse duration).
Intracelluar recording. Conventional intracellular recording techniques were used to obtain measurements from MG motoneurons using glass microelectrodes (1.2 mm outer diameter) filled with 2 M potassium citrate and input resistances between 10 and 18 M⍀. Only cells with a stable resting membrane potential (Ϫ50 mV or greater) and an antidromic spike Ն 68.5 mV were accepted for analysis. With these conditions met, the composite EPSPs produced by stimulation of the LG-S nerve were studied at three stimulation frequencies as shown in Figure 1 . EPSPs evoked with single pulses delivered at 0.5 Hz and trains of five stimuli delivered at 18 Hz were averaged over 10 -50 stimulus repetitions. In all cases, stimulus intensities of 2-2.5 ϫ group I threshold elicited the maximal monosynaptic EPSP. Finally, modulation of EPSP amplitude was studied using the paradigm of Mendell and colleagues (e.g., Davis et al., 1985; Peshori et al., 1998) ; trains of 32 stimuli delivered at 167 Hz were repeated every 2 sec and averaged over 10 -50 trials. At the end of each of these stimulus trains, three single stimulus pulses were presented 100, 150, and 200 msec later. In a few cases, the potentiation of EPSPs early in the high-frequency trains elicited action potentials that prevented measurement of EPSP amplitude. In these cases, stimulus strength was reduced slightly to subthreshold levels. It is unlikely that this procedure affected our measurements because varying stimulus strength was tested at several synapses and found to have no detectable effect on modulation behavior. After study of synaptic potentials, the motoneurons were characterized by the following measures (see Gardiner, 1993) : (1) repeated measures of rheobase current (150 msec current pulse), (2) afterhyperpolarization (AHP) amplitude and half-decay time, and (3) input resistance (IR) by the spike-height method (Frank and Fuortes, 1956 ) using hyperpolarizing and depolarizing current pulses of 0.5 and 1 nA. These measures were incomplete for some motoneurons because of electrode rectification or deterioration of the recording. Data were amplified (ϫ 1000) and filtered (DC to 10 kHz) and then digitized and collected at a sampling rate of 22 kHz using personal computer-based software (C ambridge Electronics Design).
Measurement of f requenc y-related behavior.
Preliminary experiments were performed to examine the response of EPSP amplitude to a range of frequencies (0.1, 0.5, 1.0, 10, 18, 36, 100, 167, and 250 Hz). Several observations from this preliminary work are relevant. (1) In agreement with previous work showing that the rat monosynaptic reflex is particularly sensitive to frequency-related depression (Kaizawa and Takahashi, 1970; Seburn and Cope, 1997) , we observed depression in most cells at frequencies of Ͼ1 Hz. (2) In both treated and untreated animals, mean EPSP amplitude measured at 18 Hz was significantly reduced (approximately Ϫ20%) relative to mean amplitude measured at 0.5 Hz. (3) At frequencies of 18 Hz or greater, the response was variable, with most cells showing negative modulation but some showing positive modulation. On the basis of these observations, we chose to use the maximum EPSP amplitude evoked by single pulses at 0.5 Hz as our control EPSP. Monosynaptic EPSP amplitude was determined from the earliest peak in the postsynaptic potential evoked at stimulus strengths of 2-2.5 ϫ threshold. This peak was always within the limits of monosynaptic delay and easily discernible. To allow comparison with previous work in the cat (Collins et al., 1984; Koerber and Mendell, 1991; Mendell et al., 1995) and the rat (Peshori et al., 1998) , we determined high-frequency modulation measurements using 167 Hz stimulation. The modulation ratio at 167 Hz was calculated as follows (see Fig. 1e ):
Measurements of EPSPs within the 167 Hz burst (30th, 31st) were corrected for the contribution of summation of these EPSPs with the falling phase of the EPSP preceding it (see Collins et al., 1984; Peshori et al., 1998) . Because of the depression observed at 18 Hz, we also compared the effects of axotomy on the response with 18 Hz stimulation by calculating the following ratio (see Fig. 1c ): 18 Hz modulation ratio ϭ (average of last four EPSPs in 18 Hz train)/(control EPSP amplitude).
Persistent effects of the high-frequency stimulus train (167 Hz) were evaluated from the amplitude of EPSPs evoked at 100 msec and at 2 sec Afferent activit y. T wo additional experiments were performed to determine the extent of activity in axotomized afferents 1 and 3 d after sciatic nerve section. The general experimental setup was as described above. Afferent axons were penetrated in the L4 -L5 dorsal roots using glass microelectrodes and were identified as sciatic afferents by the presence of an orthodromic action potential generated by stimulating the sciatic nerve at 4 -5 ϫ group I threshold. Action potentials were recorded to determine conduction velocity, and then stimulation was discontinued for 60 sec to determine whether the afferent was silent or spontaneously active. Seventy-five afferents were sampled from each of two rats. Previous work has shown that afferents with a conduction velocity greater than ϳ40 m /sec are either group I or II and that the majority (88%) of these respond to muscle stretch (Lewin and McMahon, 1991) .
Statistics. Values are reported as mean Ϯ SE unless otherwise indicated. A nested ANOVA was used to test for a treatment effect (axotomy). Animal-to-animal variation was treated as a random effect. This analysis accounts for the effect of taking a small number of measures from several animals and using them to represent a single population. Correlation coefficients were calculated using the Pearson product-moment correlation. A probability value of Ͻ0.05 was used as a limit for declaring statistical significance.
RESULTS
Sectioning of the LG-S muscle nerve had no detectable effect on the properties of the intact MG neurons (Table 1 ). The ranges for passive motoneuron properties measured in axotomized and untreated rats were similar, and mean values were not different for any measure (F ϭ 0.06 -1.1; p ϭ 0.29 -0.87).
Comparison of the mean composite LG-S EPSP amplitudes evoked in intact MG motoneurons by maximal group I stimulation showed that EPSP amplitude was significantly larger in rats with previously axotomized LG-S nerves ( Fig. 2a ; F ϭ 11.1; p ϭ 0.002). The observed mean percent increase (70%) was comparable with that previously reported 3 d after muscle nerve section and confirms that the efficacy of monosynaptic excitation produced by group I LG-S afferent connections is increased by peripheral nerve axotomy (Miyata and Yasuda, 1988 , see their Fig. 2a) .
The increased EPSP amplitude consequent to axotomy was accompanied by a significant increase in negative modulation (Ϫ14%) during 167 Hz stimulation (Table 1) . EPSPs generated by stimulation of LG-S nerves axotomized 3 d previously showed more negative modulation across the entire sample during highfrequency stimulation ( Fig. 2b ; F ϭ 4.9; p ϭ 0.04). Also, as shown in Figure 3 , the expected negative relationship between EPSP amplitude and modulation was confirmed for rats in both the untreated and experimental groups (r ϭ Ϫ0.37 and Ϫ0.55, un- treated and axotomy, respectively). The persistence of this relationship after axotomy suggests that the two variables changed in a coordinated manner. A similar result was found for 18 Hz modulation with significantly greater negative modulation of EPSPs produced by axotomized afferents (Table 1 ; F ϭ 5.2; p ϭ 0.03).
We also examined the amplitude of EPSPs evoked 2 sec (2 sec post-train EPSP) and 100 msec (0.1 sec post-train EPSP) after the high-frequency burst (see Fig. 1e ). These ratios have been used in previous studies to test for post-tetanic potentiation (Davis et al., 1985; Peshori et al., 1998) . However, in our hands EPSP amplitude is not, on average, potentiated at either time point (Table 1) , and indeed ϳ50% of the sample is still slightly depressed relative to control (Fig. 4) . This is the result of our use of EPSPs recorded at 0.5 Hz as our control EPSP amplitude. In previous studies using this stimulus paradigm in the cat (Collins et al., 1984; Davis et al., 1985; Koerber and Mendell, 1991; Mendell et al., 1995) and the rat (Peshori et al., 1998) , control EPSP amplitude was determined at 18 Hz stimulation. Our preliminary observations (see Materials and Methods) showed that the use of EPSPs recorded at 18 Hz in the rat overestimates potentiation because it is an expression of the change from a significantly depressed state. Indeed, in the present study, the use of the 18 Hz EPSP amplitude as our control EPSP would have led us to report a significant increase in "potentiation" in cells contacted by axotomized afferents.
The mean values for post-train EPSPs were not significantly different between untreated and axotomized animals (F ϭ 2.1; p ϭ 0.16; and F ϭ 3.5; p ϭ 0.07; 2 and 0.1 sec, respectively) (Table  1) . However, a slight leftward shift is evident in the distributions of both measures, indicating a trend toward greater post-train depression that is most apparent at the 100 msec interval (Fig. 4) . This trend is consistent with our findings for modulation and suggests that effects observed during the high-frequency stimulation persisted to a greater extent in cells contacted by axotomized afferents. We explored these observations f urther by examining the relationship between modulation and both post-train EPSP amplitude ratios. The relationship between modulation and the 2 sec post-train ratio was not significant for either group (r ϭ 0.13; p ϭ 0.4; and r ϭ 0.25; p ϭ 0.1; untreated and axotomy, respectively). However, the relationship between modulation and the 0.1 sec post-train ratio was significant for both groups (r ϭ 0.56; p Ͻ 0.001; and r ϭ 0.78; p Ͻ 0.001; untreated and axotomy, respectively). Together these results suggest that the processes contributing to changes in EPSP amplitude during high-frequency stimulation (modulation) persist for at least 100 msec but are no longer operating 2 sec after the burst.
Two additional experiments were performed to determine the extent to which axotomy silenced afferent impulse conduction. Twenty-four hours after axotomy, only 9 of 75 afferents showed any activity, and only 6 of these 9 were presumptive group I or II afferents. Three days after nerve section, 18 of 75 were spontaneously active, and 15 of these 18 conducted at velocities within group I or II range. The level of spontaneous activity we observed is similar to previous work in the rat (Govrin-Lippmann and Devor, 1978) . It has been estimated that muscle afferents comprise ϳ20% of all sensory axons in the rat sciatic nerve (Swett et al., 1991) . On this basis we estimate that, in the axotomized sciatic nerve, one to three of the spontaneously active afferents with CVs exceeding 40 m/sec were group I or II muscle afferents 167 Hz modulation (%) ϭ 100 ͫͫ
Open and filled arrows indicate mean values in untreated and axotomized rats, respectively. The linear correlation between amplitude and modulation was significant for both groups (r ϭ Ϫ0.37; p ϭ 0.02; n ϭ 39; and r ϭ Ϫ0.55; p Ͻ 0.001; n ϭ 42; untreated and 3 d axotomy, respectively). (i.e., 20% of 6 -15). This suggests that the majority of the LG-S afferents in the sectioned LG-S nerve were silent during the 3 d period after LG-S nerve section.
DISCUSSION
This study confirms that peripheral nerve axotomy in the rat results in an initial increase in EPSP amplitude, or synaptic efficacy (Miyata and Yasuda, 1988) , and extends this observation by the demonstration that it is accompanied by an increase in negative modulation during high-frequency stimulation (Figs. 1,  2) . A conventional interpretation of these results is that the increase in efficacy is presynaptic in origin and is attributable, at least partly, to an increased probability of transmitter release at axotomized connections (Collins et al., 1984; Peshori et al., 1998) . Thus, the present results also suggest that the probability of transmitter release at this synapse is regulated by afferent impulse activity and /or trophic support. There are alternative explanations for the present results that are unlikely in our view but that cannot be definitively excluded. These include changes in connectivity, presynaptic inhibition, and postsynaptic receptor sensitization or desensitization. A change in connectivity could arise either from central sprouting or unmasking of previously silent connections (Wall, 1988; Koerber et al., 1994) , and therefore an increase in the number of afferent connections over the time period studied here is possible. In axotomized motoneurons, any change in connectivity is undetectable electrophysiologically for at least 10 d and is reduced, not increased (Eccles et al., 1959; Mendell et al., 1976) . To our knowledge, evidence of changes in connectivity of axotomized group I afferents onto intact motoneurons is unavailable at present. But regardless, as alluded to above, changes in connectivity alone would not be expected to alter modulation because connections made by different afferents onto the same motoneuron show similar patterns of modulation as do those of single afferent and composite EPSP recordings (Koerber and Mendell, 1991) . A change in presynaptic inhibition also seems an unlikely explanation for the observed increase in EPSP amplitude. Indirect measures of presynaptic inhibition show no significant changes until 4 d or more after axotomy (Wall and Devor, 1981) . Finally, although we attempted to exclude postsynaptic factors by recording from undamaged motoneurons, the available evidence does not allow evaluation of the potential contribution of postsynaptic receptor sensitization or desensitization to the present results.
The increased negative modulation that we report here is also present at longer times after axotomy. Mendell et al. (1995) reported significantly smaller EPSP amplitudes that were, contrary to expectation, accompanied by increased negative modulation. It was concluded that the decrease in EPSP amplitude could not, therefore, be attributed to decreased probability of release because such a change predicts less, not more, negative modulation (Peshori et al., 1998) . A possible explanation for this discrepancy is provided by our demonstration that greater negative modulation is already present 3 d after axotomy. This result suggests that an initial axotomy-induced increase in the probability of transmitter release persists at connections that remain viable after chronic nerve section and is responsible for the enduring increase in negative modulation.
The majority of EPSPs measured in the present study showed little potentiation, suggesting that at the rat Ia-motoneuron synapse the processes leading to depression, such as transmitter depletion or availability, generally dominate those contributing to enhanced release after high-frequency stimulation (Fig. 4) . The changes in EPSP amplitude after high-frequency stimulation are generally attributed to an increase in the probability of release because of a buildup of residual calcium (Kuno, 1964b; Hirst et al., 1981; Lev-Tov et al., 1983) . However, the extent of potentiation is highly dependent on the stimulation protocol used. We did not do a systematic examination of different protocols, and it may be that higher frequency stimulation and/or EPSPs recorded at longer post-train intervals would have revealed further information. Nonetheless, our observation of a trend toward increased depression in post-train EPSP amplitude (Fig. 4) and the significant relationship between the 0.1 sec post-train amplitude ratio and modulation further support our contention that axotomy induces an increase in the probability of release. These data also suggest a common mechanism for changes in EPSP amplitude that occur 100 msec after the train and for those observed during the burst (modulation).
In considering the basis for the present results, we note that cutting afferents has two effects. One is that it greatly reduces the amount of afferent impulse traffic. The potential importance of afferent inactivity is established by the increase in EPSP amplitude caused when tetrodotoxin (TTX) is used to reversibly block impulse traffic in an intact peripheral nerve (Gallego et al., 1979; Manabe et al., 1989; Webb and Cope, 1992) . The magnitude and time course of the increase in EPSP amplitude observed in the rat after TTX treatment and axotomy are very similar. On the basis of these comparisons, Manabe et al. (1989) suggested that the cause of the enhanced efficacy observed soon after axotomy is inactivity, a notion entirely consistent with our data. A second effect of axotomy is the separation of afferent cell bodies and central synapses from muscle-derived neurotrophic factors. The importance of these factors is emphasized by the recent results of Munson et al. (1997) . They show that treatment of axotomized peripheral nerves with exogenous NT-3 produces a significant increase in the amplitude of EPSPs produced by treated-cut afferents. These results are inconsistent with the present findings and argue against a role for NT-3 in causing changes in transmission soon after axotomy. This argument is based on (1) the increase in EPSP amplitude that we observed despite the presumed loss of muscle-derived NT-3 and (2) the increase in negative modulation that we observed after axotomy was not observed after exogenous application of NT-3 (Munson et al., 1997) . Thus, it seems unlikely that muscle-derived NT-3 alone is directly responsible for our results. However, a role for other trophic factors or combinations of factors cannot be ruled out and indeed seems likely, because when sectioned nerves are allowed to reinnervate their target muscle, both amplitude and modulation return toward normal values (Mendell et al., 1995) .
A growing body of evidence points to the likely involvement of multiple factors in regulating synaptic function at the Ia-motoneuron synapse. For instance, NT-3 is associated with afferents, whereas BDNF and NT-4 are associated with motoneurons; all are produced in skeletal muscle and transported centrally, and they respond differentially to variations in muscle contractile activity (DiStefano et al., 1992; Funakoshi et al., 1993 Funakoshi et al., , 1995 Koliatsus et al., 1993; Yan et al., 1993; Copray and Brouwer, 1994) . Finally, BDNF has recently been implicated in the regulation of motoneuron excitability (Gonzalez and Collins, 1997) . Thus, it seems likely that these factors and perhaps others work in a coordinated manner to provide precise, activity-dependent control of synaptic function in the spinal cord.
